Genetic studies and systematic genome sequencing have shown that the yeast Saccharomyces cerevisiae possesses many transmembrane transport proteins (2) . Not only are yeast transport systems diverse, but they are also frequently multiple; i.e., the same substrate may be transported by several systems with different kinetic properties, specificities, and regulation. The first evidence of permease multiplicity in yeast came from genetic studies of amino acid permeases (54) . An example is the transport of ␥-aminobutyrate (GABA), an amino acid that can serve as the sole nitrogen source. GABA uptake is mediated by the general amino acid permease (Gap1p), the proline permease (Put4p), and an inducible GABA-specific permease (Uga4p) (3, 22) . The most demonstrative example of transporter multiplicity is the HXT family of hexose transporters (7) , which includes no fewer than 17 highly similar proteins. Among these, at least HXT proteins 1 through 7 function independently as hexose transporters. The expression and activity of these transporters are regulated by the presence and concentration of glucose in the medium (7, 27, 37, 39) . Multiple transport systems with different kinetic properties and regulation likely enable cells to adapt to many different growth conditions (20) . In addition, members of some transporter families might instead play a regulatory role in transport, as recently illustrated in the case of the Snf3 and Rgt2 proteins of the HXT family (7, 27, 36, 37) .
Glutamine, asparagine, and ammonium are good nitrogen sources supporting optimal growth of yeast cells (12, 54) . Addition of NH 4 ϩ to yeast cells grown on a less-favored nitrogen source triggers nitrogen catabolite inactivation and nitrogen catabolite repression of several enzymes and permeases involved in the utilization of secondary nitrogen sources (54) . For instance, synthesis of the general amino acid permease (Gap1) is strongly reduced after addition of NH 4 ϩ , while presynthesized Gap1 is inactivated and subsequently degraded; the latter mechanism involves ubiquitin (19, 23) . The central role of NH 4 ϩ in control of nitrogen metabolism prompted us to characterize the proteins involved in its uptake. High-affinity uptake of NH 4 ϩ has been shown to involve at least two distinct transporters (Mep1p and Mep2p), and evidence for the existence of a third, lower-affinity system has been produced (14) . The MEP1 gene, encoding a specific, high-capacity transporter with an affinity in the 5 to 10 M range, has been characterized at the molecular level (34) . In a parallel study, the first plant NH 4 ϩ transporter (Amt1) was cloned by expression in yeast and proved to be very similar in sequence to Mep1p (35) . Among several bacterial homologs found by database screening, the Amt1 protein of Corynebacterium glutamicum was subsequently shown to display the properties of a (methyl)ammonium transporter (47) .
Here we report the molecular, kinetic, and physiological characterization of two additional yeast NH 4 ϩ transporters, Mep2p and Mep3p, which together with Mep1p constitute a family of three highly similar proteins.
MATERIALS AND METHODS
Strains, growth conditions, and methods. The S. cerevisiae strains used in this study are all isogenic with the wild-type strain ⌺1278b (5) except for the mutations mentioned (Table 1) . Cells were grown in a minimal buffered (pH 6.1) medium with 3% glucose as the carbon source (25) . To this medium, one or more of the following nitrogen sources were added: proline (0.1%), glutamate (0.1%), glutamine (0.1%), and (NH 4 ) 2 SO 4 (usually the concentration of this salt was 10 mM; occasional modifications of this concentration are mentioned). Yeast cells treated with lithium acetate (24) were transformed as described previously (46) . The RNA isolation procedure has also been described previously (46) . The Escherichia coli strain used was JM109. All procedures for manipulating DNA were standard ones (4, 44) .
Cloning of mep2-complementing plasmids. Strain 26972c (mep1-1 mep2-1 ura3) was transformed with a low-copy-number plasmid library representing the total genome of wild-type ⌺1278b (34) . Among the 35,000 Ura ϩ transformants, at least 5 displayed growth on two test media: minimal buffered medium with either 1 mM NH 4 ϩ or 0.1% proline plus 50 mM methylammonium. DNAs isolated from these transformants were used to transform E. coli. When reintroduced into strain 26972c, the purified plasmid YCpAM21 carrying a 7-kb genomic insert complemented the defects due to the mep2-1 mutation. The following oligonucleotide primers were used to amplify the mep2-1 allele from strain 26972c: 5Ј-CGCCGGATCCGAATACAGATTGGATGCACTGG-3Ј and 5Ј-ACACAGGCCTGCTTGTCA-3Ј.
Cloning of the MEP3 gene. Bacterial clones of a library representing the ⌺1278b genome (34) were screened with a ␥-32 P-radiolabeled oligonucleotide whose sequence was 5Ј-ACAGATGCACTTCATATACATCAATGC-3Ј. Three plasmids with partially overlapping probe-positive inserts were isolated. The shortest insert (7 kb, plasmid YCpLEB5) was chosen for further study.
DNA sequencing. Random libraries of plasmids YCpAM21 and YCpLEB5 were prepared as described previously (34) . DNA fragments were sequenced by the dideoxy chain termination method (45) .
Plasmids. The YCpMEP2-lacZ plasmid was constructed by inserting into the BamHI-linearized YCpAJ152 plasmid (3) a 0.86-kb DNA fragment flanked by BamHI restriction sites and spanning the first nine codons of MEP2 plus 828 bp of upstream sequence. This DNA fragment was obtained by PCR amplification with the primers 5Ј-CGCCGGATCCGAATACAGATTGGATGCACTGG-3Ј and 5Ј-GGCGGATCCGTAGGCGTACCTGTAAAATT-3Ј. The YCpMEP3-lacZ plasmid was constructed by inserting into BamHI-linearized YCpAJ152 a 0.89-kb DNA fragment flanked by BamHI restriction sites and covering the first nine codons of MEP3 plus 866 bp of upstream sequence. This DNA fragment was obtained by PCR amplification with the primers 5Ј-CGCGGATCCCAAGATC AACGAGCCACAAGT-3Ј and 5Ј-GGCGGATCCCATAGATGTCCGTCACC CCG-3Ј. The accuracy of the PCR DNA fragments used to construct MEP2-lacZ and MEP3-lacZ was verified by sequencing. The MEP2 deletion plasmid (pAM204) was constructed by inserting into the HindIII-and EcoRI-cleaved pGEM7Zf ϩ plasmid a 0.34-kb HindIII-HincII segment covering the 5Ј flanking region of MEP2 (positions Ϫ288 to ϩ54) linked with a 0.46-kb HincII-EcoRI segment covering the 3Ј MEP2 region (positions ϩ988 to ϩ1444). Subsequently, a 2.7-kb BglII-BglII fragment carrying the selectable LEU2 marker of pFL36 was blunt ended and inserted into the HincII site present in the MEP2 sequences. Plasmids pFL36 and pFL38 have been previously described (8) .
Construction of strains with MEP deletions. Construction of a mep1⌬ ura3 strain has been described previously (34) . A mep1⌬ mep2⌬ ura3 strain was isolated from a mep1⌬ leu2 ura3 strain by one-step replacement (41) of the MEP2 gene (positions ϩ54 to ϩ988) with the LEU2 marker. For this, strain 31000a was transformed with the HindIII-EcoRI fragment of plasmid pAM204. Among the Leu2 ϩ transformants, at least three (including strain AM2) harbored the MEP2 replacement. A single mep3⌬ ura3 strain was constructed by the PCR-based gene disruption method (52 (34) . For the NH 4 ϩ removal assays, cells grown on proline medium were filtered, washed with proline medium, and resuspended in proline medium plus NH 4 ϩ at the appropriate concentration. At intervals, cells were removed from culture samples (1 ml) by filtration. The NH 4 ϩ content of the medium was determined by coupling with L-glutamate dehydrogenase (34, 51) . ␤-Galactosidase assays were performed as described previously (3) All assays were performed on cells having reached the state of balanced growth (54) . The sole exception is for RNA extraction from cells grown on NH 4 ϩ at a limiting initial concentration (Ͻ1 mM) as the sole nitrogen source, in which case the collected cells were nitrogen starved, because NH 4 ϩ was most certainly totally consumed. 4 ؉ transporter homologous to Mep1p. The MEP2 gene was cloned by functional complementation of the mep1-1 mep2-1 double mutant lacking both previously described NH 4 ϩ transport activities (14) . The double mutant grows much more slowly than the wild type on media in which the sole nitrogen source is NH 4 ϩ at a low concentration (1 mM), while the corresponding single mutants (mep1-1 and mep2-1 mutants) grow almost normally under such conditions. The mep1-1 mutation also confers resistance to the growth-inhibiting effects of toxic external concentrations of methylammonium (50 mM). Strain 26972c (mep1-1 mep2-1 ura3) was transformed with a genomic library constructed in a low-copy-number plasmid and representing the genome of wild-type strain ⌺1278b. A plasmid (YCpAM21) carrying a 7-kb genomic insert was isolated for its ability to restore growth on 1 mM NH 4 ϩ without affecting resistance to methylammonium. This plasmid restored the ability of the mep1-1 mep2-1 strain to take up [ 14 C]methylammonium at a high rate (Fig.  1A) . The kinetic parameters of the corresponding activity were calculated from Lineweaver-Burk plots over the concentration range of 0.025 to 1 mM (Fig. 1B) . The K m (0.25 mM) and V max (20 nmol/min/mg of protein) are identical to those previously measured for a mep1-1 strain (14) . Plasmid YCpAM21 also restored the ability of the mep1-1 mep2-1 strain to remove NH 4 ϩ at a high rate from minimal proline medium containing 0.5 mM NH 4 ϩ (Fig. 1C) . Ammonium ions competitively inhibited the [ 14 C]methylammonium uptake activity, with a K i in the range of 1 to 2 M (Fig. 1D) . Furthermore, the uptake activity restored by the YCpAM21 plasmid appears to be highly NH 4 ϩ specific, as judged from competition experiments performed with mono-and bivalent cations ( Table 2 ). Sequencing of the YCpAM21 genomic insert and subcloning experiments led to the isolation of a 2.4-kb BstEII-HpaI DNA fragment (accession number X83608) bearing a single, 1,497-bp open reading frame, which was sufficient to complement the mep2-1 mutation. To definitively prove that this recombinant clone contains the MEP2 gene, the corresponding locus was analyzed in the 26972c strain carrying the mep2-1 allele. With oligonucleotide primers hybridizing, respectively, 0.83 kb upstream and 0.56 kb downstream of the coding region, PCR amplification performed on wild-type DNA generated an expected 2.9-kb DNA fragment, while a much shorter one (0.55 kb) was obtained from the 26972c strain. Cloning and sequencing of this 0.55-kb fragment revealed that a 2.33-kb region covering the entire coding region plus 0.44 kb of upstream and 0.39 kb of down- (Fig. 2) . During systematic sequencing of chromosome XIV, the sequence of the MEP2 gene (YNL142w) of strain S288c was determined (33) . No differences between the two MEP2 sequences were detected.
RESULTS

MEP2 encodes a high-affinity NH
MEP3 encodes a third, lower-affinity NH 4 ؉ transporter. The mep1-1 mep2-1 double mutant originally isolated by chemical mutagenesis (14) grows very slowly on NH 4 ϩ at a low concentration (1 mM). A yeast strain lacking the MEP1 and MEP2 genes was isolated from the mep1⌬ MEP2 ϩ strain (34) by replacing the MEP2 gene with LEU2. Unexpectedly, the resulting mep1⌬ mep2⌬ double mutant grew normally on 1 mM NH 4 ϩ (Fig. 3) , suggesting the existence of another NH 4 ϩ transporter able to support growth on low-NH 4 ϩ medium.
Accordingly, a mep1⌬ mep2⌬ strain can remove NH 4 ϩ (1 mM) from the medium much faster than the original mep1-1 mep2-1 strain (Fig. 4) . Hence, yeast cells must possess a third NH 4 ϩ transport system which for some reason is inactive in the initially isolated mep1-1 mep2-1 strain. Database screening with the Mep1p sequence as the query sequence revealed a 3Ј-end S. cerevisiae cDNA sequence (accession number T38466) whose translation yields a short peptide highly similar to a C-terminal sequence conserved in Mep1p and Mep2p. An oligonucleotide defined on the basis of this cDNA sequence was used as a probe to screen a genomic library of strain ⌺1278b. We thus isolated three partially overlapping DNA fragments, the shortest of which (YCpLEB5, 7 kb) was shown to hybridize with the probe in its central region. Sequencing of this region revealed the presence of a gene, MEP3, encoding a 489-aminoacid protein (53.7 kDa) highly similar in sequence to Mep1p (79% identity) and Mep2p (39% identity) (Fig. 2) . Meanwhile, systematic sequencing of chromosome XVI also yielded a MEP3 sequence (YPR138c) differing by a single nucleotide (T3A) from the MEP3 sequence determined for strain ⌺1278b (the difference causes a Phe3Tyr substitution at residue 39). The high similarity of the three Mep proteins strongly suggests that Mep3p is also an NH 4 ϩ transporter. To test this hypothesis, the PCR-based replacement method (52) was used to completely delete MEP3 from the mep1⌬ mep2⌬ strain. Unlike the double-null strain, the triple-null mutant failed to grow on low-NH 4 ϩ medium (Fig. 3) . Removal of 1 mM NH 4 ϩ from the medium was also abolished in this strain as compared to the case for the mep1⌬ mep2⌬ double mutant (Fig. 4) . These data indicate that MEP3 encodes another NH 4 ϩ transport protein. Experiments to determine why the mep1-1 mep2-1 strain is deficient in Mep3p transport activity are in progress. As previously shown, Mep1p and Mep2p behave like highaffinity NH 4 ϩ transporters. To determine the kinetic parameters of Mep3p, the initial rate of uptake of [ 14 C]methylammonium (0.5 to 2 mM) was first measured in the double (mep1⌬ mep2⌬ MEP3) and triple (mep1⌬ mep2⌬ mep3⌬) mutant strains grown on proline medium. At no substrate concentration tested did cells expressing Mep3p display a significantly higher initial methylammonium accumulation rate than the triple-mep strain. Since Mep1p and Mep2p have a higher affinity for NH 4 ϩ than for methylammonium, the absence of methylammonium uptake via Mep3p might be due to Mep3p being a much-lower-affinity transporter. This was confirmed in NH 4 ϩ removal assays, performed with Mep3p-expressing cells, where the initial external NH 4 ϩ concentration was varied from 0.5 to 4 mM (data not shown). The results showed that Mep3p has a lower affinity for NH 4 ϩ than Mep1p and Mep2p (K m , ϳ1.4 to 2.1 mM). On the other hand, Mep3p's maximal rate of ammonium uptake (V max , ϳ70 nmol/min/mg of protein) is higher than those of Mep1p and Mep2p.
Comparative phenotypic analysis of strains with different combinations of MEP gene deletions. To further compare the properties of Mep1p, Mep2p, and Mep3p, strains bearing MEP deletions in all combinations were constructed ( Table 1 ). The rate of removal of NH 4 ϩ (1 mM) was first compared for strains expressing a single Mep protein (Fig. 4) . All three double-mep strains incorporated NH 4 ϩ at a rate much higher than that of the triple-mep strain, confirming that each Mep protein can act individually as an NH 4 ϩ transporter. It is noteworthy that the activity displayed by wild-type cells did not equal the sum of the three individual Mep activities. Instead, Mep1p-expressing cells displayed a rate of NH 4 ϩ retrieval from the medium similar to that measured for the wild-type, while Mep2p-and FIG. 2. Sequence alignment of Mep1p, Mep2p, and Mep3p of S. cerevisiae. The amino acid sequences were aligned by using PILEUP (13) . Identical residues are in black boxes. Similar residues are in boldface. The transmembrane segments predicted by the TMAP algorithm (38) on the multiple sequence alignment are underlined. The four residues of the putative leucine zipper are marked by arrowheads. ϩ concentrations as the sole nitrogen source was also tested (Fig. 3) . A strain lacking the three Mep proteins cannot grow on media containing less than 5 mM NH 4 ϩ but grows normally on high-NH 4 ϩ (Ͼ20 mM) media. Compared to the wild-type strain, cells with a single MEP gene deletion are not significantly affected for growth on all NH 4 ϩ concentrations tested. In contrast to the triple mutant, cells expressing a single Mep protein are able to grow on NH 4 ϩ at low concentration (Յ5 mM). However, under the latter conditions, the three double mutants display growth differences which may be interpreted in terms of kinetic properties of individual NH 4 ϩ transporters. The Mep1p protein, which displays a high affinity and a high V max , supports optimal growth on all low NH 4 ϩ concentrations. Mep2p, the transporter with highest affinity and lowest V max , supports a slower growth than Mep1p. In this case, the low V max appears to be the limiting parameter. On the other hand, Mep3p, the transporter with lowest affinity and highest V max , supports optimal growth on saturing NH 4 ϩ concentrations but is most sensitive to lowering of the NH 4 ϩ concentration below 1 mM.
The Mep transporters are also required for NH 4 ؉ retention. Previous studies have shown that some transport proteins are required not only for uptake of compounds available in the medium but also for retention of intracellular metabolites which under certain conditions tend to leak out of the cells.
FIG. 3. Growth test on minimal medium containing various NH 4
ϩ concentrations as the sole nitrogen source. The strains were 23344c (ura3), AM1 (mep1⌬ ura3), 31021d (mep2⌬ ura3), 31011a (mep3⌬ ura3), 31018b (mep2⌬ mep3⌬ ura3), 31022a (mep1⌬ mep3⌬ ura3), 31021c (mep1⌬ mep2⌬ ura3), and 31019b (mep1⌬ mep2⌬ mep3⌬ ura3). All strains were transformed with pFL38.
This has been well illustrated in feeding experiments which allow the study of the excretion phenomenon (18) . For instance, a mutant strain auxotrophic for arginine (receptor cells) could be arginine fed by a mutant strain lacking arginine uptake activity (donor cells), while the wild-type strain was unable to feed the receptor cells. Hence, arginine permease activity is somehow needed for arginine retention inside cells. While characterizing the Mep proteins, we likewise made observations indicating that NH 4 ϩ transporters play a role in the retention of NH 4 ϩ within the cells. In one experiment, we tested the abilities of different strains to feed, on a medium containing arginine (0.05%) as the sole nitrogen source, a receptor strain lacking arginine uptake activity (gap1-1 can1-1 strain) which grows slowly on that medium (Fig. 5) . When wild-type donor cells were used, no feeding of the gap1-1 can1-1 receptor cells was detected after a 3-day incubation (Fig. 5A) . In contrast, the triple-mep strain was clearly able to feed the cells (Fig. 5E ), so it must excrete into the medium a nitrogen source that can be taken up by cells lacking the general amino acid permease Gap1p and the specific arginine permease Can1p. That this nitrogen source is NH 4 ϩ is suggested by the fact that no feeding was detected when the donor cells expressed a single high-affinity NH 4 ϩ transporter (Mep1p or Mep2p) (Fig. 5B and C) , while donor cells expressing only the low-affinity NH 4 ϩ transporter Mep3p gave rise to a detectable feeding of the receptor cells (Fig. 5D) . After a longer incubation period (5 days), barely detectable feeding of the gap1-1 can1-1 receptor cells was also observed with donor cells expressing either Mep1p or Mep2p alone and even with the wild-type strain (data not shown). Similar experiments were carried out with media containing proline, GABA, or glutamate as the sole nitrogen source, using, respectively, mutant strains lacking proline, GABA, or glutamate uptake activity as receptor cells. With these nitrogen sources, none of the donor strains could feed the receptor strains (data not shown). These data suggest that during growth on a medium containing arginine, a nitrogen source whose catabolism produces both glutamate and NH 4 ϩ , wild-type cells excrete NH 4 ϩ ions which are then taken up by the high-affinity permeases Mep1p and Mep2p and less efficiently by Mep3p. As further evidence for the importance of the Mep proteins in NH 4 ϩ retention, cells lacking both Mep1p and Mep2p grow more slowly than the wild-type strain on a medium containing urea, a poor nitrogen source which is entirely converted to NH 4 ϩ (data not shown). 4 ؉ transport proteins in yeast and other organisms. The hydropathy profiles (28) of Mep2p and Mep3p are very similar to that of Mep1p (34) (data not shown). Each of the three proteins consists of a central hydrophobic core made of 10 to 12 transmembrane domains flanked by hydrophilic sequences. Several algorithms, including TMAP (38) and PHDhtm (40) , predict that the central hydrophobic region contains 10 transmembrane segments. The three amino acid sequences differ mostly at their hydrophilic N and C termini (Fig. 2) , but the 40-amino-acid region immediately C terminal to the last predicted transmembrane domain is also highly conserved. Like Mep1p, Mep3p contains a putative leucine zipper motif consisting of a heptad repeat of four leucine or isoleucine residues which is also located in a region spanning parts of the first two putative transmembrane domains (Fig. 2) . This motif also occurs in Mep2p, except for the substitution of methionine for the fourth leucine or isoleucine residue. Leucine zipper motifs have been observed at similar locations in several vertebrate and fungal glucose transporters (7, 53) . It is still unknown whether these motifs have any function in transport proteins, but it has been suggested that they might be involved in oligomerization (7) .
Structural conservation of NH
Analysis of the nonredundant EMBL/GenBank sequence databases with the BLAST algorithm (1) revealed no fewer than 21 Mep-homologous proteins (Fig. 6) . Most of these sequence determinations resulted from genome sequencing efforts. Except for the recently characterized (methyl)ammonium permease of Corynebacterium glutamicum (47), the 10 deduced protein sequences identified so far in bacterial organisms are of unknown function, including three in a Synechocystis sp. (26) and two in the archaebacterium Methanococcus jannaschii (10) . No Mep-homologous protein was found by examining the complete genomic sequences of Haemophilus influenzae and Mycobacterium genitalium, two bacteria whose natural environment is human tissues. Several Mep-homologous proteins are encountered in plants (16) , such as the characterized NH 4 ϩ transporters of Arabidopsis thaliana and Lyco- FIG. 4 . Time course of ammonium removal from minimal proline medium containing 1 mM ammonium. The strains were 23344c (ura3) (s), 31018b (mep2⌬ mep3⌬ ura3) (ᮀ), 31022a (mep1⌬ mep3⌬ ura3) (F), 31021c (mep1⌬ mep2⌬ ura3) (E), 31019b (mep1⌬ mep2⌬ mep3⌬ ura3) (}), and 26972c (mep1-1 mep2-1 ura3) ({). All strains were transformed with pFL38. 1 can1-1 ura3) , was plated on arginine (0.05%) minimal medium to a low population density so as to give distinct colonies when growing. Donor strains 23344c (ura3) (A), 31018b (mep2⌬ mep3⌬ ura3) (B), 31022a (mep1⌬ mep3⌬ ura3) (C), 31021c (mep1⌬ mep2⌬ ura3) (D), and 31019b (mep1⌬ mep2⌬ mep3⌬ ura3) (E) were dropped on the plate to a high population density.
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persicon esculentum (29, 35) . Finally, four Mep homologs were found in the roughly half-sequenced genome of the nematode Caenorhabditis elegans (55) . These data reinforce the previous conclusion that the Mep/Amt protein family is widely conserved (34, 35) . They further suggest that families of NH 4 ϩ transporters exist in organisms other than yeast. The MEP1, MEP2, and MEP3 genes are expressed at different levels and are subject to nitrogen control. The physiological roles of Mep1p, Mep2p, and Mep3p are to scavenge external ammonium for use as a nitrogen source and to incorporate ammonium which under some circumstances leaks out of the cells. Previous experiments have shown that expression of MEP1 is subject to nitrogen catabolite repression (34) . We used Northern analysis and lacZ fusions to determine whether expression of MEP2, MEP3, or both also responds to nitrogen control in wild-type cells.
Northern analysis revealed a single band hybridizing with the probe used to detect MEP2 transcripts and corresponding to the expected size of 1.6 kb. The intensity of the signal varied markedly according to the nitrogen source available in the medium (Fig. 7) . MEP2 RNA accumulated most abundantly in cells grown on NH 4 ϩ at a limiting concentration or on a poor nitrogen source like proline. Glutamate-grown cells displayed a relatively large amount of MEP2 RNA, while cells grown on good nitrogen sources like glutamine or a high concentration of NH 4 ϩ produced a weaker signal. Like MEP1 expression, MEP2 expression is thus subject to nitrogen catabolite repression, in keeping with the measurements of Mep2p-dependent methylammonium uptake activity (14, 34) . In proline-grown cells, however, MEP2 RNA was found to accumulate to levels roughly 20 times higher than those of MEP1 RNA (Fig. 7) . This observation was confirmed by comparing expression levels of the lacZ gene under the control of the MEP1 and MEP2 promoter regions (Table 3 ); in proline-or glutamate-grown cells, the MEP2-lacZ gene was expressed to levels 15 to 20 times higher than those of the MEP1-lacZ gene. On favored nitrogen sources (0.1% glutamine, 20 mM NH 4 ϩ , or both), expression of both genes was down-regulated. MEP1-lacZ expression and MEP3-lacZ expression were similar, but the latter was two times lower in proline-grown cells (Table 3) . Hence, all three MEP genes are subject to nitrogen catabolite repression, but MEP2 is expressed to a much higher level than MEP1 and MEP3. Consistently, the codon bias index (6) is higher for MEP2 (0.281) than for MEP1 (0.081) or MEP3 (0.141).
Differential control of MEP1, MEP2, and MEP3 transcription by the general nitrogen regulatory factors Gln3p and Nil1p. Nitrogen-regulated transcription in S. cerevisiae is mediated by at least two general positive GATA family factors, namely, Gln3p and Nil1p/Gat1p (11, 32, 49, 50) . The GATA proteins are conserved among eukaryotes and share a highly conserved DNA-binding domain that promotes recognition of 5Ј-GAT(A/T)A-3Ј core sequences. Typically, the upstream region of a yeast gene responding to nitrogen control contains several 5Ј-GAT(A/T)A-3Ј sequences acting as upstream activating sequences sensitive to nitrogen catabolite repression. The GATA factors Gln3p and Nil1p contribute to various degrees to transcriptional activation mediated by these upstream 5Ј-GAT(A/T)A-3Ј sequences. As expected, the MEP1, MEP2, and MEP3 promoter regions contain several 5Ј-GAT (A/T)A-3Ј core sequences that are likely involved in nitrogenregulated transcription (Fig. 8) . To investigate the role of Gln3p and Nil1p in expression of the three MEP genes, we introduced the corresponding lacZ fusions into mutant cells lacking the GLN3 gene, the NIL1 gene, or both and monitored their expression in cells grown on various nitrogen sources (Table 3) .
MEP2-lacZ gene expression is highest in proline-grown wildtype cells. Under these growth conditions, it is almost unaltered in nil1⌬ cells, reduced twofold in gln3⌬ cells, but totally abolished in nil1⌬ gln3⌬ double-mutant cells. Hence, at least one positive GATA factor (Nil1p or Gln3p) is required for high-level expression of MEP2 on proline medium. On glutamate medium, in contrast, expression of MEP2-lacZ is almost totally abolished in gln3⌬ cells. Gln3p thus appears to be the main factor promoting expression of MEP2-lacZ in glutamategrown wild-type cells. This is consistent with the view that Nil1p is inhibited by a high intracellular concentration of glutamate (50 ϩ concentration (20 mM) requires both Nil1p and Gln3p, since expression is abolished in single gln3⌬ and nil1⌬ mutant strains. The two positively acting GATA factors thus seem to be unable to compensate for each other's absence under these conditions, although they seem to do so in proline-grown cells.
The results obtained with MEP1-lacZ and MEP3-lacZ differed from those described above. Whether the nitrogen source was proline, glutamate, or NH 4 ϩ , expression of MEP1-lacZ and MEP3-lacZ was abolished in cells lacking Gln3p. Surprisingly, deletion of NIL1 resulted in ϳ7-fold-higher expression of MEP1-lacZ and MEP3-lacZ in proline-and glutamate-grown cells but not in cells grown on glutamine or high-NH 4 ϩ medium. Nil1p thus appears to down-regulate Gln3p-dependent expression of MEP1 and MEP3 in glutamate-and proline-grown cells. To our knowledge, this is the first evidence that Nil1p can act directly or indirectly as a negative transcription factor.
In conclusion, both Gln3p and Nil1p can promote high-level expression of MEP2, but the contribution of each factor depends on the nitrogen source(s) available. In the case of MEP1 and MEP3, Gln3p appears to be the main activator, but a Nil1p-dependent mechanism maintains expression of both genes at a relatively low level.
DISCUSSION
This study shows that S. cerevisiae possesses three ammonium transporters, Mep1p, Mep2p, and Mep3p. All three proteins are highly similar in sequence, with Mep1p and Mep3p being more closely related. Apart from the three MEP genes, the completely sequenced genome of S. cerevisiae contains no other gene encoding a Mep homolog. This yeast might, however, possess additional NH 4 ϩ transport systems unrelated to the Mep proteins. Consistent with this view is the ability of the mep1⌬ mep2⌬ mep3⌬ triple mutant to grow on a buffered medium (pH 6.1) in which the sole nitrogen source is NH 4 ϩ at a high concentration (Ͼ20 mM), although it cannot grow on low-NH 4 ϩ media. We cannot rule out, however, the possibility that NH 4 ϩ at a high concentration might be taken up into cells by simple diffusion.
S. cerevisiae has developed a multiplicity of NH 4 ϩ transporters displaying different but somewhat overlapping kinetic properties. As previously reported (14) , the Mep2p transporter shows the highest affinity for NH 4 ϩ (1 to 2 M). It is followed by Mep1p (5 to 10 M) (14, 34) and finally by Mep3p, whose affinity is much lower (1.4 to 2.1 mM). While Mep1p and Mep3p display very different K m values, they have about 79% amino acid identity over their entire lengths. This homology reaches 86% if only the predicted membrane-spanning domains are compared. Maximal uptake rates mediated by the individual Mep proteins were measured in cells grown on proline medium, i.e., under conditions where expression of all three MEP genes is highest. Under these conditions, Mep3p displays the highest V max (ϳ70 nmol/min/mg of protein), followed by Mep1p and finally Mep2p (40 and 20 nmol/min/mg of protein, respectively). Under the same conditions, MEP2 expression is about 20 times higher than MEP1 expression, with the latter being 2 times higher than MEP3 expression. If these differences in gene expression reflect the actual relative amounts of the active transporters, then in terms of the maximum velocity per active transporter, the three proteins must differ much more markedly than the apparent V max values show.
The main physiological function of the Mep proteins is to scavenge NH 4 ϩ from the medium for use as a nitrogen source. Growth tests have shown that Mep1p, the transporter with high affinity and high V max , supports optimal growth on all low NH 4 ϩ concentrations tested (0.1 to 5 mM). Mep2p, which displays the lowest V max , supports a slower growth than Mep1p on NH 4 ϩ concentrations higher than 0.1 mM, whereas Mep3p, which displays the lowest affinity, is most sensitive to lowering of the NH 4 ϩ concentration below 1 mM. Another physiological role of these NH 4 ϩ transporters is highlighted by the feeding experiments, which suggest that they are also required for NH 4 ϩ retention inside cells during growth on at least some nitrogen sources other than NH 4 ϩ . In this role of taking up NH 4 ϩ that tends to leak out of the cells, the high-affinity transporters Mep1p and Mep2p are the most effective.
The fact that each MEP gene alone gives rise to a specific NH 4 ϩ transport activity provides the best evidence that the Mep proteins are indeed NH 4 ϩ transporters. Yet this does not rule out a regulatory function for at least some Mep proteins. It has recently been reported, for instance, that the Mep proteins might also act as receptors involved in the development of pseudohyphal growth in response to nitrogen starvation (30, 42) . Also pertinent is the role of NH 4 ϩ transporters in trigger- FIG. 7 . Parallel Northern blot analysis of MEP1 and MEP2 transcripts in the wild-type strain ⌺1278b. Total RNA was extracted from cells grown on minimal medium containing different nitrogen sources. Pro, proline; Glt, glutamate; Gln, glutamine; Am, ammonium ions. RNA was hybridized with randomly [␣-32 P]dATP-primed probes: a 1.86-kb PstI-XhoI DNA fragment containing the MEP1 gene and a 1.86-kb HindIII-SspI DNA fragment containing the MEP2 gene. Actin RNA (ACT1) was assayed to determine the loading efficiency. For comparison, the periods of autoradiograph exposure are indicated.
ing NH 4 ϩ -induced inactivation and repression of enzymes and permeases involved in the use of secondary nitrogen sources. Several studies have proposed that Snf3p, a hexose permeaselike protein, might play a regulatory role in glucose transport (7, 27, 37) . More recently, the isolation of dominant mutations in SNF3 and RGT2 has shown that the hexose permease-like proteins encoded by these genes play a determining role as glucose sensors involved in transcriptional induction of HXT genes in response to low (SNF3) or high (RGT2) external glucose concentrations (36) . It is tempting to hypothesize that similar sensors also influence the control of nitrogen metabolism.
Each MEP gene possesses several 5Ј-GAT(A/T)A-3Ј core sequences in its promoter region and displays the expression profile typical of genes subject to nitrogen catabolite repression. Accordingly, the GATA factors Gln3p and Nil1p, which are involved in nitrogen-regulated transcription, control the expression of all three MEP genes. Recent studies have shown that the relative contribution of each positive factor to transcriptional activation depends on the nitrogen source and is gene specific; both of these features are likely determined by the specific arrangement of multiple upstream 5Ј-GAT(A/T)A -3Ј core sequences (11, 32, 49, 50) . In this respect, on proline and glutamate media, the MEP2 expression profile resembles that described for the GAP1 gene, encoding the general amino acid permease (11, 32) : in proline-grown cells, both Gln3p and Nil1p activate transcription and each can largely compensate for the other's absence, while in glutamate-grown cells, Gln3p is the sole positive GATA factor essential to MEP2 expression, suggesting that Nil1p is inactive under these conditions. In contrast to the case for GAP1, however, residual MEP2 expression in NH 4 ϩ -grown cells seems to require the simultaneous presence of both factors. In the case of the MEP1 and MEP3 genes, Gln3p is essential to transcription on all tested media, but a Nil1p-dependent mechanism maintains expression of both genes at a relatively low level during growth on a poor nitrogen source. Unlike Nil1p-mediated activation of the transcription of MEP2 and other genes, this negative effect of Nil1p on MEP1 and MEP3 transcription is also visible in the presence of glutamate. The gene-specific character of Nil1p's positive and negative effects on transcription suggests that these effects are also determined by specific arrangements of upstream 5Ј-GAT(A/T)A-3Ј core sequences. The physiological meaning of this direct or indirect Nil1p-dependent repression of MEP1 and MEP3 remains unclear. It is noteworthy that a negative effect of Gln3p on activation of the GAP1 gene by Nil1p has been described (48, 50) . The data obtained by screening sequence databases for Mep homologs suggest that families of NH 4 ϩ transporters exist in other organisms as well. This seems to be true not only for other unicellular organisms, such as the bacteria Methanococcus jannaschii and Synechocystis sp., but also for plants and animals. Our observation that the nematode Caenorhabditis elegans has at least four genes encoding such proteins is particularly relevant, since the molecular study of specific NH 4 ϩ transporters in animals is a heretofore unexplored area.
